1. Introduction {#sec0005}
===============

*In vitro* plant cell suspension cultures are a biotechnological strategy widely used to increase the production of biomass and secondary metabolites of pharmaceutical value \[[@bib0005],[@bib0010]\]. *Thevetia peruviana* (Pers.) K. Schum is an ornamental shrub belonging to the Apocynaceae family grown in Central and South America \[[@bib0015]\]. This plant has important biological properties, which include cardiac \[[@bib0020]\], anti-cancer \[[@bib0025],[@bib0030]\], antimicrobial \[[@bib0035]\], antioxidant \[[@bib0040]\] and antiviral activity \[[@bib0045]\]. Many of these biological activities have been attributed to the presence of secondary metabolites such as cardiac glycosides and phenolic compounds (PC); nevertheless, obtaining these metabolites from *in vivo* plants implies problems such as availability, productivity and reproducibility; therefore, it becomes necessary to have a continuous source of quality biological material for extraction, purification and development of potential therapeutic agents. Consequently, plant cell suspension culture of *T. peruviana* was established in our laboratory \[[@bib0050]\], demonstrating stability in kinetic parameters of cell growth (duplication time, specific growth and substrate consumption rates) over the years \[[@bib0055]\].

On the other hand, phytohormones as salicylic acid (SA) y and methyl jasmonate (MeJA) have been used as exogenous elicitors in *in vitro* plant cell cultures \[[@bib0060]\]. These signaling molecules can trigger defense responses at a low concentration, promoting the biosynthesis of secondary metabolites of biotechnological interest such as PC through the activation of specific metabolic pathways (*e.g.* shikimate pathway and phenyl propanoids) \[[@bib0065],[@bib0070]\]. A recently study showed that cell suspension culture of *T. peruviana* respond to SA and MeJA treatment producing changes in the content and chromatographic profile of PC \[[@bib0075]\]. However, analysis of complex samples (*e.g.* plant extracts) using univariate analysis techniques have limitations, in terms of the biological information that can be extracted, hindering slight changes detection between treatments; in addition, the quantitative analysis is restricted to a few compounds of known identity, leading unknown analytes, that could be important markers of the cellular response to treatment, being ignored.

One solution to these drawbacks is the application of multivariate analysis (MVA) to the data. Currently, it is common to use chromatographic or spectroscopic analytical techniques combined with MVA to extract relevant biological information from living organisms \[[@bib0080],[@bib0085]\]. This approach is widely used in plant research; for example, in classification studies according to geographical origin \[[@bib0090]\], species \[[@bib0095]\] and cultivars discrimination \[[@bib0100]\], metabolic evaluation of genetically modified plants \[[@bib0105]\] and prediction of chemical quality components \[[@bib0110]\], among others. In the same way, the PC chromatographic profile, combined with MVA, has been used in plant classification studies according to infection susceptibility \[[@bib0115]\] and quality of medicinal plants \[[@bib0120]\], proving to be an effective tool for these purposes.

On the other hand, non-destructive analytical techniques, such as Fourier transform infrared spectroscopy (FT-IR) \[[@bib0125],[@bib0130]\], have been used together with chemometric analysis to discriminate and classify plants. Although these techniques have lower sensitivity, compared with chromatographic ones, they offer the advantage of being quick and economical, since no laborious preparation of samples is required, nor is the use of reagents or solvents, therefore, if the objective is to perform a rapid discriminant analysis, these techniques should be considered. In our knowledge, the application of infrared spectroscopy to the investigation of plant cell suspension cultures has focused on the quantification of products \[[@bib0135]\] and the monitoring of kinetic parameters of the culture, such as substrate consumption rate \[[@bib0140]\].

The purpose of the present study was to evaluate the utility of FT-NIR spectroscopy and RP-HPLC combined with MVA, as an alternative method to determinate the elicitation effect on PC production in cell suspension cultures of *T. peruviana.*

2. Materials and methods {#sec0010}
========================

2.1. Cell suspension cultures and elicitor treatments {#sec0015}
-----------------------------------------------------

Cell suspensions were established from 10 g of fresh friable callus (g FW) in 100 mL of Schenk and Hildebrandt (SH) sterile medium \[[@bib0145]\] supplemented with 2 mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D), 0.5 mg/L kinetin (KT), 30 g/L sucrose, and 1 g/L myo-inositol (pH 5.8) in 250 mL flasks. Cell suspension cultures were maintained in an orbital shaker at 110 rpm (New Brunswick™ Innova® 2300), natural photoperiod (12 h light/12 h dark) and 25 °C. Sub-cultures were made every 2 weeks \[[@bib0050]\].

In order to increase and stabilize the production of PC, cell suspension cultures were treated with two elicitors, SA and MeJA. Elicitor concentrations (300 μM SA, 3 μM MeJA and the combination 300 μM SA/3 μM MeJA), as well as elicitor addition time (day 4 of culture) were previously established \[[@bib0075]\]. The elicitation experiments were carried out using 6-day old cell suspensions in 250 mL flasks with 100 mL of SH liquid sterile medium, under the same conditions described above. Elicitors were prepared in an aqueous solution of 50 % ethanol (v/v) and filtered through Millipore membranes of 0.45 μm (Minisart, Sartorius, Germany) before being added to cell suspensions. Control (suspension cells without elicitor) and treatments with SA, MeJA, SA/MeJA were harvested at 24, 48, 72, 96 and 120 h post-elicitation for a total of 20 treatments. All the experiments were carried out in triplicate. The harvested cells were vacuum filtered and subjected to drying in a convection oven at 60 °C for 48 h, then was pulverized using a mortar, stored and protected from light at −20 °C.

2.2. FT-NIR analysis {#sec0020}
--------------------

This analysis was used as an exploratory method to visualize changes in the spectral profile of the cell suspension cultures of *T. peruviana* associated with metabolic responses to treatment with different elicitors.

### 2.2.1. Samples {#sec0025}

Dry biomass was analyzed in an infrared spectrometer (BUCHI NIR Master™ FT-NIR Spectrometer). Spectra were obtained by scanning at 4000 - 10,000 cm^−1^ intervals at 4 cm^−1^ resolution. Sixty-four scans were obtained per reading and averaged into one spectrum.

### 2.2.2. Processing of spectral data {#sec0030}

Absorption at wavenumber \> 7000 cm^−1^ were negative, so the region between 4000 and 7000 cm^−1^ was selected to construct a two-way array raw data, whose dimensions were 20 observations (row) x 750 variables (columns). Prior to the MVA, the spectral data were pre-processed with the purpose to remove spectral variations that are unrelated to the samples such as background noise, solving superimposed signals and suppress effects of light scattering caused by the heterogeneity of the samples; also to enhance subtle differences between samples, improving discriminating features \[[@bib0150]\]. Pre-processing was performed as implemented in SIMCA 14.1.0.2047 software (MKS U-metrics, Sweden) using first and second derivatives (DV1 and DV2) and numerical algorithms such as Savitzky-Golay (SG) and SNV (Standard Normal Variate). The quality of each model was determined by the goodness of fit parameter (R2) and prediction parameter (Q2). After selecting the best processing model, the data from the X matrix was normalized and scaled using the Pareto method.

### 2.2.3. MVA of spectral data {#sec0035}

From the processed data, a principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed. PCA was used to establish the presence of relevant and interpretable patterns in the data and to detect outliers through Hottelling T2 analysis (95 % of the confidence interval), while PLS-DA and OPLS-DA were used to recognize possible patterns that maximize the separation between samples \[[@bib0155]\]. PCA, PLS-DA and OPLS-DA models were generated using SIMCA software. Score plot will be used to quickly visualize the discrimination between treatments, while the loading plot will allow identifying variables with the greatest value for discriminating the treatments.

2.3. RP-HPLC analysis {#sec0040}
---------------------

In order to improve the sensitivity and selectivity in the PC analysis, samples were also analyzed by liquid chromatography. RP-HPLC is one of the most widely used methods to identify and quantify of PC in plants and naturals products \[[@bib0160]\]. In addition, chemometrics analysis of chromatographic data could provide more biological information about the effect of elicitors on the PC production.

The PCs were extracted from the biomass using a previously described protocol \[[@bib0075]\]. Briefly, dried and pulverized biomass was extracted using 50 % ethanol solution with 50:1 solvent: sample ratio, in an ultrasonic bath (frequency 40 kHz) at 30 °C for 30 min, followed by centrifugation at 3000 rpm for 10 min. One milliliter of each supernatant was diluted to 5 mL with ethanol solution and then filtered through 0.45 μm membranes. Chromatographic profiling was performed in a Shimadzu Prominence HPLC (Shimadzu Corporation, Kyoto, Japan), equipped with an isocratic pump LC-20 AT, an auto- sampler SIL-20AC, and a diode array detector SPD-M20 A (190−800 nm). The column used was a LiChrospher® 250−4 RP-18 (5 μm) (Merck S.A). Analysis conditions were: 28 °C, flow rate of 1.5 mL min^−1^ and injection volume of 20 μL. The mobile phase consisted of: phase A (formic acid 1% in water) and B (formic acid 1% in acetonitrile). The elution gradient was as follows: 0 min (80 % A + 20 % B); 7 min (75 % A + 25 % B); 13 min (70 % A + 30 % B); 7 min (65 % A + 35 % B); 3 min (80 % A + 20 % B). Data were collected every 640 milliseconds (msec). The monitoring wavelength selected was 280 nm.

### 2.3.1. Chromatographic and MAV data processing {#sec0045}

Absorbance at 280 nm as function of time was exported as 2D ASCII files for each sample and a matrix of 20 observations x 4686 variables were built. Prior to the MVA, the HPLC data were preprocessed in order to correct differences in the profile of the chromatograms related to aspects such as retention time drift or changes in peak shape. These changes usually occur due to gradual contamination of the column during the consecutive analysis of many samples or due to differences in operating conditions \[[@bib0165]\]. The alignment of the chromatographic peaks was performed using the Correlation Optimized Warping algorithm (COW) from Warping Toolbox provided by The Quality and Technology Webs \[[@bib0170]\]; this algorithm was developed in MATLAB R2014a 8.3.0.532 software (The MathWorks, Inc., Natick, Massachusetts, USA). Then, chromatographic data were imported into SIMCA 14.1.0.2047 software (MKS U-metrics, Sweden) for normalization and scaling using the Pareto method. PCA, PLS-DA and OPLS-DA analyzes were then applied.

### 2.3.2. Identification and quantification of phenolic and flavonoid compounds {#sec0050}

Time retention (t~R~) and the UV--vis absorbance of the peaks present in samples and those obtained from some analytical standards of phenolic and flavonoid compounds previously reported in *T. peruviana* \[[@bib0175]\] and others available in our laboratory were compared. Quantification of the identified compounds was performed, using calibration curves with the reference standards. The results obtained were presented as values of the mean ± standard deviation (SD). The differences between treatments were evaluated with one-way ANOVA, with a level of significance of 0.05. Also, multiple comparisons were made (in pairs) using Tukey\'s Honestly Significant Differences (HSD) method. These analyzes were carried out with the R studio version 1.1.383.

3. Results and discussion {#sec0055}
=========================

3.1. FT-NIR and MVA of the spectral data {#sec0060}
----------------------------------------

[Fig. 1](#fig0005){ref-type="fig"}a shows the overlap of the NIR spectra average of all *T. peruviana* samples treated with different elicitors and the control (raw data). The spectra superposition allow to visualize the great similarity in the spectral profile of the different samples, as well as the presence of regions where there are variations in bands intensity; however, some of these variations may be caused by artifacts or imperfections of the spectrum. In order to remove the spectral variations not attributable to samples, data was pre-processed using different mathematical algorithms. This step allows the generation of reliable models that are interpretable using MVA techniques. The combined use of DV1 and SNV was the best method for processing the spectra ([Fig. 1](#fig0005){ref-type="fig"}b), generating a PCA model that reduced data dimensionality to seven main components (R2X (cum) = 0.985 and Q2 (cum) = 0.962). SNV is a common method of infrared spectrum processing \[[@bib0150],[@bib0180]\], its objective is to correct the dispersion effects of signals, being used in multivariate regression studies, in classification models and exploratory analyzes. In our case, the application of the SNV algorithm to the data helped correct the spectra baseline, while DV1 improved the separation of possible superimposed signals.Fig. 1FT-NIR spectra of *T. peruviana* samples treated with SA, MeJA, SA/MeJA and control. (a) Raw NIR spectra. (b) NIR spectra pretreated by the 1 st derivative (DV 1) and subsequent Standard Normal Variate (SNV) method.Fig. 1

[Fig. 2](#fig0010){ref-type="fig"}a shows the score plot using the first two principal components, which represent 57.3 % and 24.6 % of the total variation of data, respectively. The existence of a distribution pattern of the scores according to the treatment was observed. The samples corresponding to treatment with SA/MeJA and the control group were separated by the first t\[1\] component; while, samples corresponding to treatments with SA and SA/MeJA were separated from the control group by the second t\[2\] component. Additionally, the scores within the MeJA treatment exhibited a broad distribution limit; thus the samples corresponding at 24 h and 48 h were grouped close to the control, while samples harvested at 72, 96 and 120 h were segregated in a different group, which suggests that the elicitor effect of MeJA occurs after 72 h.Fig. 2PCA of FT-NIR data for *T. peruviana* biomass collected at different times (24, 48, 72, 96 and 120 h) after the treatment with SA, MeJA, SA/MeJA and control. (a) PCA score plot indicating variations in the spectra profiles of samples, R2X \[1\] and R2X \[2\] correspond to the fractions of the variation of the X variables explained by the model on the first and second component, respectively. The ellipse represents Hotelling\'s T2, with 95 % confidence; (b) Loadings plot of the two principal components of PCA (p\[1\] and p\[2\]), most significant spectral variables for the samples separation in the PCA are located at 5060 cm^−1^ and 4670 cm^−1^.Fig. 2

The loadings plot of PCA ([Fig. 2](#fig0010){ref-type="fig"}b) showed that the most significant spectral variables for the samples separation in PCA were distributed mainly in the region of 4500 - 5200 cm^−1^. The first main component (57.3 %) emphasized the spectral signal centered at 5060 cm^−1^, corresponding to the combination of stretch and flexion of the −OH of water molecules; specifically, this signal has been assigned to the formation of hydrogen bonds of water to carbonyl oxygen in the central skeleton of proteins \[[@bib0185]\]. The second main component (24.6 %) highlighted a spectral signal centered at 4670 cm^−1^, this signal is characteristic of the CH bond of phenolic species \[[@bib0190]\]. This result confirms that treatments with SA and MeJA produces qualitative and quantitative changes in phenolic metabolism of cell suspension cultures of *T. peruviana*; an effect on the metabolism of proteins is also suggested, which should be confirmed by metabolomic studies.

A subsequent analysis of the spectral data using the supervised PLS-DA method supports what is observed in the PCA. The PLS-DA model reduced the dimensionality of the spectral data to five main components that explained 99.8 % of the variance (R2X = 0.958, R2Y = 0.867 and Q2X = 0.712). The score plot ([Fig. 3](#fig0015){ref-type="fig"}a) of PLS-DA showed a better grouping of samples according to the treatment and confirmed the relevance of the second main component for the separation of samples treated with SA and MeJA. In addition, OPLS-DA generated a model (R2X = 0.941, R2Y = 0.826 and Q2R = 0.681) that reduced the dimensionality of data to three predictive components and one orthogonal component (3 + 1+0). The two-dimensional score sequence showed that the model reduces the effect of the elicitor time exposure, which explains the lower segregation of samples within the same treatment ([Fig. 3](#fig0015){ref-type="fig"}b). Both PLS-DA and OPLS-DA are powerful statistical modeling tools commonly used in classification and discrimination studies between experimental groups; however, these techniques can force the separation of groups, generating erroneous statistical interpretations; especially when the PCA does not expose separation of groups \[[@bib0195]\]. In the present study, PCA showed the existence of a separation pattern of the samples according to the treatment, so it is assumed that results of the supervised analyzes are reliable.Fig. 3Two-dimensional score sequences for FT-NIR spectra for *T. peruviana* biomass collected at different times (24, 48, 72, 96 and 120) after the treatment with elicitors. (a) PLS-DA score plot and (b) OPLS-DA score plot. R2X \[1\] and R2X \[2\] correspond to the fractions of the variation of the X variables explained by the model on the first and second component, respectively. The ellipse represents the Hotelling T2 with 95 % confidence.Fig. 3

NIR spectroscopy characterizes the material based on its absorption in a range of ∼ 4000--12,500 cm^−1^, this range corresponds to overtones and combinations of absorption bands of the infrared fundamental vibrations; so that, the NIR spectrum of a given sample is considered to behave as a 'fingerprint' of the sample \[[@bib0200]\]. The bands that are observed in a NIR spectrum arise mainly from the stretching of OH, CH, and NH, so this technique has been used for qualitative and quantitative analysis of natural products \[[@bib0205]\]. However, a difficulty of NIR spectroscopy is its low molecular selectivity, attributed to the widening of the bands and the omnipresence of OH, CH and NH bond in organic molecules; this problem can be solved through the chemometrics analysis of the data \[[@bib0210]\].

MVA is a powerful statistical tool that has been used in qualitative and quantitative studies to extract the required information from the NIR spectra. Conzzolino et al. \[[@bib0215]\] used NIR spectroscopy combined with MVA in a metabolic study to differentiate strains of *Saccharomyces cerevisiae*, proving its applicability as a screening tool for both discriminating between yeast strains and grouping strains with deletions in genes that disturb similar metabolic pathways. Combination of chemometrics and visible/NIR spectroscopy was also used for red wine fermentation monitoring in a pilot scale, obtaining a correct classification of the samples, regardless of the variety or time of fermentation \[[@bib0220]\]. These studies prove the potential of NIR spectroscopy combined with MVA in classification studies of complex samples.

MVA has also been used for the development of predictive methods for the content of PC \[[@bib0225],[@bib0230]\] and flavonoids \[[@bib0235]\] in plants from NIR spectral data, evidencing the predictive value of the phenolic band at 4670 cm^−1^. In the present study, the application of MVA to FT-NIR data was only used as a discriminant method, demonstrating its usefulness as an exploratory analysis of the effect of elicitors on the phenolic metabolism of *T. peruviana* cell suspension cultures. Future studies should be aimed at developing a predictive method for the content of phenolic compounds in these cultures.

3.2. Profiling RP-HPLC and MVA of chromatographic data {#sec0065}
------------------------------------------------------

RP-HPLC profiles were monitored at 280 nm in order to detect phenolic-related compounds. [Fig. 4](#fig0020){ref-type="fig"}a corresponds to the superposition of representative chromatograms of cell suspension cultures under elicitor treatments. This figure shows differences in both profile and intensity of some peaks; however, to improve the comprehensive analysis of all samples and generate reproducible and comparable results, MVA was applied to the chromatographic data, previously pre-processed to correct the observed instrumental drift (difference in retention time and changes in peak shape). The COW algorithm largely corrected inter-sample variability affecting the peak alignment ([Fig. 4](#fig0020){ref-type="fig"}b and c). The processed chromatographic data were subsequently normalized and scaled using the Pareto method.Fig. 4Chromatograms obtained with UV detection at 280 nm from *T. peruviana* samples. (a) Chromatograms of representative samples treated with elicitors and control (72 h post-elicitation); (b) raw data and (c) processed data with Correlation Optimized Warping (COW) algorithm. The alignment of three peaks present in all samples is shown.Fig. 4

The PCA model (R2X = 0.954; Q2X = 0.867) reduced the dimensionality of the data to six main components. The first two components could explain 52.7 % and 23.6 %, respectively, of the total variance of the data. The PCA score plot ([Fig. 5](#fig0025){ref-type="fig"}a) shows explicit differentiation between samples according to the treatment. The separation was higher between SA/MeJA and control than SA and MeJA with respect to control, this separation was influenced by the elicitor time exposure. The loadings graph of PCA ([Fig. 5](#fig0025){ref-type="fig"}b) was used to determine the chemical compounds responsible for the variance of data. It was observed that compounds with t~R~ of 11.68--12.52 and 12.89 min influence the separation of the group of samples treated with SA/MeJA; while compounds with t~R~ of 7.99 and 8.98 appear to be important for the separation of groups of samples treated only with SA and only with MeJA (at 72, 96 and 120 h post-elicitation), respectively.Fig. 5PCA of RP-HPLC data for extracts of *T. peruviana* biomass collected at different times (24, 48, 72, 96 and 120 h) after the treatment with elicitors. (a) PCA score plot indicating variations in the chromatographic profiles of samples, R2X \[1\] and R2X \[2\] correspond to the fractions of the variation of the X variables explained by the model on the first and second component, respectively. The ellipse represents Hotelling\'s T2, with 95 % confidence; (b) Loadings plot of the two principal components of PCA (p\[1\] and p\[2\]), most significant chromatographic variables (t~R~) for the samples separation in the PCA are show.Fig. 5

The application of PLS-DA analysis to chromatographic data improved the separation of samples according to the treatment. The PLS-DA model reduced the dimensionality of the spectral data to six main components that explained 99.8 % of the variance (R2X = 0.954, R2Y = 0.977 and Q2X = 0.839). The score plot ([Fig. 6](#fig0030){ref-type="fig"}a) shows that the second main component t\[2\] separates the groups of SA and SA/MeJA from MeJA and the control; while the first main component separates the groups of MeJA and SA/MeJA from SA and the control. This graph also indicates that the separation of MeJA was influenced by the time of post-elicitation harvest, observing a significant difference at 72 h of exposure to MeJA. [Fig. 6](#fig0030){ref-type="fig"}b presents OPLS-DA analysis results. This model reduced the dimensionality of the chromatographic variables to three predictive components and two orthogonal components (3 + 2+0), evidencing reduction of the effect of post-elicitation harvest time of cells, which improved the separation of the groups of samples according to the treatment. The same was observed with FT-NIR data.Fig. 6Two-dimensional score plot for RP-HPLC data for extracts of *T. peruviana* biomass collected at different times (24, 48, 72, 96 and 120 h) after the treatment with elicitors. (a) PLS-DA score plot and (b) OPLS-DA score plot. R2X \[1\] and R2X \[2\] correspond to the fractions of the variation of the X variables explained by the model on the first and second component, respectively. The ellipse represents the Hotelling T2 with 95 % confidence.Fig. 6

Studies of the elicitor effect on a particular metabolic pathway are often based on univariate statistical analysis, where *p*-values are calculated to determine if there are differences between two groups or treatments. This univariate approach has limitations, one of them is the inability to evaluate interactions between variables that may be correlated; in these cases, MVA is more appropriate. In the present study, combination of RP-HPLC and MVA enabled the discrimination of the *T. peruviana* samples based on their phenolic profile, establishing correlation between the PC content and the exposure time to the elicitor in cell suspension cultures treated with MeJA, this is of great relevance in operational terms since it is possible to establish the optimal harvest time of cells.

3.3. Identification and quantification of phenolic and flavonoid compounds {#sec0070}
--------------------------------------------------------------------------

[Table 1](#tbl0005){ref-type="table"} presents the t~R~ at 280 nm and the maximum absorbance of standard used in the present study. Two of these compounds were tentatively identified in cell suspension cultures, one with t~R~ =11.68 min corresponding to dihydroquercetin (DHQ) and another with t~R~ =8.99 min corresponding to chlorogenic acid (CGA) ([Fig. 7](#fig0035){ref-type="fig"}).Table 1Retention time (t~R~) and maximum absorbance wavelength (UV--vis) for standard compounds.Table 1CompoundsMolecular\
Formulat~R~\
(min)Maximum\
Absorbance (nm)Chlorogenic acidC~16~H~18~O~9~8.99228/321/635Caffeic acidC~9~H~8~O~4~9.44232/317/622Trans-sinapic acidC~11~H~12~O~5~9.91222/237/292DihydroquercetinC~15~H~12~O~7~11.68221/288/237CoumarinC~9~H~6~O~2~14.54225/274/309QuercetinC~15~H~10~O~7~16.37226/253/369HesperidinC~16~H~14~O~6~18.65223/237/286KaempferolC~15~H~10~O~6~18.99228/266/356Fig. 7Chromatograms obtained with UV detection at 280 nm from *T. peruviana* samples compared with the standards (a) Chlorogenic acid and (b) Dihydroquercetin. UV/Vis absorption spectra are shown in the top right of the figure.Fig. 7

[Table 2](#tbl0010){ref-type="table"} shows the amounts of DHQ and CGA produced in cell suspension cultures of *T. peruviana*, under different treatments and post-elicitation harvest time.Table 2Intracellular concentration of dihydroquercetin and chlorogenic acid in cell suspension cultures of *T. peruviana* treated with SA, MeJA and SA/MeJA.Table 2Treatment (hour)Dihydroquercetin (mg/L of culture)Chlorogenic acid\
(mg/L of culture)**Control (*p value* = 0.014)**244.71 ±0.38^a^ND483.30 ± 0.63^a^ND724.47 ± 1.36^ab^ND962.42 ± 1.34^ab^ND1201.86 ± 0.29^b^ND**SA (*p value* = 0.379)**244.42 ± 0.87^a^ND485.67 ± 1.46^a^ND725.89 ± 1.22^a^ND964.12 ± 1.81^a^ND1203.96 ± 1.66^a^ND**MeJA (*p value* = 0.0017)**245.70 ± 0.94^a^ND482.89 ± 1.25^ab^1.82 ± 0.04^b^723.67 ± 0.48^ab^14.79 ± 2.57^a^962.31 ± 0.75^b^17.52 ± 2.19^a^1202.03 ± 1.02^b^12.15 ± 4.56^a^**SA/MeJA (*p value* = 0.00598)**247.62 ± 1.46^b^ND488.01 ± 1.29^ab^ND7212.59 ± 1.75^a^ND969.87 ± 1.04^ab^ND12012.41 ± 1.48^ab^ND[^1]

DHQ was detected in all cell suspensions however the highest concentrations were produced with SA/MeJA (12.59 ± 1.75 mg/L) at 72 h post-elicitation; this result was statistically different with respect to the control (4.47 ± 1.36 mg/L) (p *value* = 0.0000). On the other hand, CGA was only produced in cell suspensions treated with MeJA, obtaining a maximum concentration of 17.52 ± 2.19 mg/L at 96 h post-elicitation. These results suggest that MeJA directs the phenolic metabolism of *T. peruviana* cells towards the biosynthesis of polyphenols such as CGA. However, the treatment of cells with SA seems to annul the MeJA-inducing effect in the biosynthesis of CGA, when these elicitors are used in combination. To verify this hypothesis, future studies will be aimed at transcriptomic and metabolomic studies.

Both DHQ and CGA are secondary metabolites of great pharmaceutical interest. DHQ, also called taxifolin, is a type of flavonoid that has a wide range of biochemical and pharmacological effects \[[@bib0240]\], including antioxidant \[[@bib0245],[@bib0250]\], anti-cancer \[[@bib0255]\], antidiabetic \[[@bib0260]\], hepatoprotective \[[@bib0265]\], cardioprotective \[[@bib0270]\] and inhibitory of the formation/accumulation of β-amyloid oligomers activity \[[@bib0275],[@bib0280]\]. Commercially, DHQ is part of complex pharmaceutical preparations such as Venoruton®, which is indicated for the relief of symptoms related to mild venous insufficiency of the lower extremities \[[@bib0285]\]. For its part, CGA is a caffeic and quinic acid ester. This compound has antispasmodic \[[@bib0290]\], antioxidant \[[@bib0295]\] and anti-mutagenic \[[@bib0300]\] properties and act as an inhibitor of HIV-1 integrase \[[@bib0305]\] and there is also evidence that it exhibits anti-obesity potential and improves lipid metabolism \[[@bib0310]\].

4. Conclusions {#sec0075}
==============

The present study shows the significance of the application of FT-NIR spectroscopy and RP-HPLC combined with MVA to examine the qualitative and quantitative differences in PC production and footprint as well as to detect the effect of the elicitor treatment in cell suspension cultures of *T. peruviana*. This analysis allowed the tentative identification of two molecules CGA and DHQ, with important biological application, the latter not previously reported in *T. peruviana* cultures. This strategy could improve the current protocols of PC analysis in complex mixtures, making it possible to carry out quickly and accurately exploratory comparisons, in a high volume of samples, reducing reagent consumption. Finally, this method represents a viable alternative to ease the evaluation of elicitor effects on the phenolic metabolism of *in vitro* cell cultures of *T. peruviana* and could be applied in other plant cell systems. Future studies will be aimed at deepening our understanding of the metabolic responses of *T. peruviana* cells using more sensitive and selective metabolomic platforms such as mass spectrometry and increase the DHQ production yield in pilot-scale culture.
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[^1]: Values of the mean ± SD of 3 independent trials. For each elicitor, values with different letters are significantly different (p \< 0.05). ND = Not detected.
